ABSTRACT
INTRODUCTION
T he InAs/GaAs based QD lasers are currently being commercialized [1] for FTTH (Fiber to the Home) applications. In order to optimize the device performance, the effect of free carrier distribution among dots and many body effects in a QD laser device are of crucial importance to understand. These can play a major role in the development of new high-speed modulation schemes [2] [3] and in improving the dynamic characteristics of a QD laser device.
Until now different techniques are employed to access the carrier distribution trends among QD. In the past the measurements such as spontaneous emission, gain and current vs. I-V (Voltage) characteristics have been used to access the carrier distribution among dots as a function of average number of carriers per dot/current density. It nature of their ground and excited states. Ideally, the QDs of the same size (inhomogeneous line width ~0), isolated from each other without wetting layer [11] and with state separation more than thermal activation energy (kT=26meV at 300K in InAs/GaAs dots) are suggestive of exhibiting a random carrier distribution trend. In this case, as is theoretically expected that the spectral shapes of the luminescence intensity from each dot and peak intensity wavelength for each of the radiative state would remain unchanged. Hence, would show an independent behavior from an increase in temperature or current density/carriers per dot. However, it is practically observed that there is a non-ideal carrier localization in dots and the carrier transfer can take place at either elevated temperatures or at high current densities via wetting layer. In this case, the QD system exhibits a global Fermi level losing its identity and properties. In order to minimize the effects of self heating on performance, development of devices with as high a value of 'T o ' as could be achieved has been suggested [12] . This paper presents an empirical analysis and then a theoretical model to describe the carrier distribution as a function of current density among dots. For the purpose, spontaneous emission characteristics of a 1.28μm, InAs/ GaAsFabry-Pérot QD laser device are derived and analyzed at a fixed junction temperature of 300K.
Therefore, accompanying self-heating effects are kept fixed at each of the increased current density levels under consideration. An, important information about the spectral shapes due to many body effects and peaks of the spontaneous emission spectra is retrieved as a function of increased current density steps to access the carrier distribution trends among the dots.
DEVICE STRUCTURE AND FABRICATION
The QD laser device used for the analysis is grown by . The device structure and fabrication details are shown in Fig. 1 and are explained elsewhere [13] . It is an edge emitting laser device. The laser bars are "as cleaved" and facet reflectivity is achieved as 33%. For the analysis, such shorter lengths are cleaved for which it was made sure to keep the mirror loss higher than the peak gain of the laser material and non-lasing characteristics were achieved. Therefore, it was made possible to analyze the laser device at elevated current densities without lasing. The junction temperature is kept fixed [13] and therefore free carrier distribution is analyzed without self-heating effects.
EXPERIMENTAL SET UP AND FIXED JUNCTION TEMPERATURE CONDITION
For high-resolution spectroscopy, the experimental setup is shown in Fig. 2 . In this case a 10pm resolution was adjusted to resolve the electroluminescence spectrum.
The analysis is performed under continuous wave mode and the junction temperature was kept fixed at 300K. A methodology to eliminate the accompanied increasing self heating effects at elevated current densities is described elsewhere [14] . Then it was made possible to analyze carrier distribution solely at a fixed temperature without any influence of the self heating effects.
FIG. 1. QD LASER DEVICE STRUCTURE
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QUANTUM DOT LASER DEVICE: OPTICAL POWER CHARACTERISTICS
A non lasing QD laser device selected for the analysis is 300x3μm. The continuous wave, device characteristics i.e. optical power as a function of current density at 300K
heat sink temperature is shown in Fig. 3 . The device indicates saturation above 6kA/cm 2 . Therefore, the analysis was performed up to ~5kA/cm 2 .
SPONTANEOUS EMISSION CHARACTERISTICS
At the initial stage, in order to derive the spontaneous emission spectra, the electroluminescence spectra are retrieved as a function of current density. A spectrum at 4kA/cm 2 is shown in Fig. 4 . The single mode behavior of the device is confirmed via inspection of the spectrum at each of the current density steps, as mentioned in the insets of Fig. 4 .
Via using Equation (1); the Hakki and Paoli method [15] the spontaneous emission spectra are derived at each wavelength of the electroluminescence spectrum.
( )
FIG. 3. OPTICAL POWER VERSUS CURRENT DENSITY FOR 300x3μm AT 300K HEAT SINK TEMPERATURE FIG. 4. THE ELECTROLUMINESCENCE SPECTRUM AS A FUNCTION OF WAVELENGTH FOR 300x3μm (LOWER CASE M), QUANTUM DOT LASER DEVICE. INSETS: PARTS OF THE LECTROLUMINESCENCE SPECTRUM SHOWN IN FIG. 3, CONFIRM THE SINGLE MODE BEHAVIOUR OF THE LASER DEVICE
FIG. 2. HIGH RESOLUTION SPECTROSCOPY EXPERIMENTAL SET UP
In Equation (1), P i and V i correspond to the peak and valley of an electroluminescence spectrum as shown in Fig. 5 .
At the initial stage, in order to derive the spontaneous emission spectra, the electroluminescence spectra are retrieved as a function of current density. A spectrum at 4kA/cm 2 is shown in Fig. 3 . The single mode behavior of the device is confirmed via inspection of the spectrum at each of the current density steps, as mentioned in the insets of Fig. 4 . As the, state separation is (~70meV) more than the thermal activation energy, therefore the thermalized carrier distribution is expected to get minimized in this case.
From Fig. 6(b 
COMAPRISON: MODELLING WITH EMPIRICAL RESULTS
The modeling results as shown in Figs. 7(a-b) and Fig.   8 (a-b) are plotted by using "Monte Carlo" method, and
FIG. 5. THE ELECTROLUMINESCENCE FROM THE LASER DEVICE UNDER TEST INDICATING PEAKS (Pi) AND VALLEY (Vi).
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From Fig. 8(a-b) which are derived from Fig. 7(a-b) it can be observed that for Fermi distribution case, the ground state and excited state exhibit a continuous blue shift as a function of average carriers per dot.
However for random distribution case a different trend is observable for both states showing no shift in their peak spectral positions. However, at high current densities show a continuous red shift.
In order to compare the experimental data with the modeling results we need to look at the peak wavelength positions and spectral shapes of the states up to ~2 carriers per dot i.e. the ground state saturation.
FIG. 7(a). SPONTANEOUS EMISSION AS A FUNCTION OF ENERGY SHOWING THE CARRIER DISTRIBUTION FOLLOWING THE FERMI-DIRAC STATISTICS FIG. 7(b). SPONTANEOUS EMISSION AS A FUNCTION OF ENERGY SHOWING THE RANDOM NATURE OF CARRIER DISTRIBUTION FIG. 6(b). NORMALIZED SPONTANEOUS EMISSION DATA FOR THE CURRENT DENSITY RANGE SHOWING FWHM REMAINS CONSTANT FIG. 6(a). GROUND STATE NORMALIZED SPONTANEOUS EMISSION SPECTRA AS FUNCTION OF WAVELENGTH AT 300K CONSTANT JUNCTION TEMPERATURE FOR 1.28μm INNOLUME QUANTUM DOT LASER MATERIAL
The experimental results show that the ground state 
CONCLUSION
This paper discussed the significance and presented a methodology to determine the carrier distribution criterion among dots of a commercial 1.28μm GaAs/ InAs QD laser device, while maintaining the junction temperature at a fixed value of interest to be used for FTTH application. In this case, carrier distribution was made entirely independent of accompanied self heating effects for the current densities of interest.
The empirically retrieved gain and spontaneous emission was used to predict the carrier distribution among dots. Results were compared with the modeled results and a good agreement with the random distribution of carrier among dot was observed. As an application of the proposed methodology, towards optimization of a QD laser device depending upon the carrier distribution followed was discussed.
FIG. 8(a). EXCITED STATE PEAK WAVELENGTH SHIFT AS A FUNCTION OF AVERAGE CARRIERS PER DOT FOR RANDOM AND FERMI CARRIER DISTRIBUTION FIG. 8(b). GROUND STATE PEAK WAVELENGTH SHIFT AS A FUNCTION OF AVERAGE CARRIERS PER DOT FOR RANDOM AND FERMI CARRIER DISTRIBUTION
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